Human 
Restriction fragment length polymorphisms (RFLPs) are useful markers for gene mapping (1) . Approximately 160 RFLPs in the human genome have been reported (2) , and the rate of discovery of new RFLPs continues to increase. Although most of the reported markers have but two alleles, apparently due to single-base changes affecting restriction sites, a few have multiple alleles. Since frequent heterozygosity is a critical requirement for linkage studies, the number and frequency of alleles available at a polymorphic locus are important parameters, characterizing its usefulness as a genetic marker. The more alleles present in a population at noticeable frequency, the more useful will be the locus (1) . Multi-allelic loci found in the human can result from multiple independent restriction site alterations at the locus, as has been characterized for the /3-globin genes (3) . Alternatively, very useful multi-allelic loci have also been defined in regions that include sets of short tandem repeats that vary in number in the population, as characterized at the insulin locus (4) .
As an approach to the discovery of such multiply allelic loci, we have used cosmids from a human genomic library as sources of probes. The key to this approach stems from the observation of the uniquely high frequency of base-pair change polymorphism detected by the restriction enzymes Msp I and Taq I. It has been estimated that 1/20 to 1/10 of Msp I and Taq I sites are polymorphic in the human population (5) . Hence, we have developed probes that allow us to examine multiple Taq I and Msp I sites at a single locus.
In principle, the longer the probe segment, the more sites are examined. The current practical limit is the 35-to 45-kilobase-pair (kb) segment cloned in cosmid vectors (6) . Using values for the average distance between restriction sites calculated by Bishop et al. (7), we estimate that with a frequency of polymorphism per Msp I or Taq I site of 0.05-0.10, the average number of polymorphic sites per polymorphic locus revealed by using both enzymes would vary between 2.9 and 5.6 with a 35-kb probe. Even 3 sites could give as many as eight haplotypes, which with equal frequencies would yield a highly informative marker locus with 87.5% heterozygosity; five sites could give 32 haplotypes.
This approach might not always be as effective as it might seem, since over these genetic distances substantial linkage disequilibrium may exist (3) . However, the results we report in this paper as well as those of others (5, 8) suggest that the degree of linkage disequilibrium between closely linked RFLPs may often be small.
The ubiquitous presence of interspersed repeated sequences, such as the Alu family, in the human genome poses a practical problem that has heretofore prevented the utilization of cosmids as probes to reveal polymorphisms. Since the average distance between neighboring Alu sequences is about 8 kb (9), nearly all cosmid inserts are expected to contain at least one such sequence. Hence, most cosmids are expected to hybridize at numerous different genomic locations, giving rise to smears on Southern transfers that totally obscure bands due to hybridization of single-copy sequences. This problem can be circumvented by the laborious process of subcloning small segments of cosmids and using as probes subclones that hybridize only to single-copy genomic sequences. However, in this paper we describe a method by which sequences in a cosmid probe that are homologous to genomic repeats can be prevented from hybridizing with Southern transfers by prehybridization of the cosmid with a vast excess of nonradioactive sonicated total human DNA. After prehybridization, cosmid probes are capable of revealing single-copy bands without interference from genomic repeats.
MATERIALS AND METHODS
DNA Isolation. Human DNAs were prepared from leukocytes or transformed lymphoblasts (4) with the addition of a second precipitation with ethanol in the presence of 2.5 M ammonium acetate.
Blot Transfer Hybridization. Restriction enzymes were obtained from Promega Biotec (Madison, WI), New England Biolabs, and Bethesda Research Laboratories and were used according to the suppliers' instructions. Human DNAs were digested with 5-10 units of enzyme per ug of DNA and completeness of digestion was assessed by agarose gel electrophoresis of parallel digests containing X phage DNA in addition to human DNA (5). Blot transfer hybridization was performed with nylon membranes (AMF Cuno, Meriden, CT) according to Barker et al. (8) .
Cosmids. A partial library of human genomic DNA cloned in the cosmid vector Kos I (10) was obtained from Ed Fritsch Abbreviations: RFLP, restriction fragment length polymorphism; kb, kilobase pair(s); bp, base pair(s).
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(The Genetics Institute, Boston). DNA was extracted from cosmids according to Ish-Horowicz and Burke (11) and was further purified by banding in CsCl/ethidium bromide gradients, treatment with RNase A, and centrifugation through 1 M NaCl (T. Gurney, personal communication).
Cosmids were screened for their utility in revealing multiple Taq I and/or Msp I polymorphisms by a modification of the method of Ardeshir et al. (12) . Cosmids were nicktranslated (5) in the presence of 32P-labeled deoxynucleoside triphosphates (New England Nuclear) to give specific activities of at least 2 x 108 dpm/fg. After removal of unincorporated radioactivity by precipitation with spermine (13), cosmid probes were mixed with a vast excess of nonradioactive sonicated [average size, 500 base pairs (bp)] human placental DNA (Calbiochem), boiled, and prehybridized to a Cot of ca. 100 mol-sec/liter. Prehybridization was carried out in 0.12 M sodium phosphate, pH 7.0, at 650C for 4-6 hr.
Prehybridized cosmid probes were hybridized with Southern blots made from Taq I or Msp I digests of genomic DNAs from a panel of unrelated individuals, as described by Barker et al. (5) . In recent experiments, some probes that gave excessive lane background when hybridized at the usual temperature of 420C were found to give satisfactory autoradiographs when hybridized at 550C (14) . Blots were washed as described (5) with the addition of a high-stringency wash at 700C in 15 mM NaCl/1.5 mM sodium 'citrate for 30 min.
Subcloning. Sau3A digests of cosmid 1-5 were ligated into the BamHI site of the plasmid pJB-8 (11 cuts once within the Kos I vector but does not cut within the insert, and portions of the linearized cosmid were partially digested with the aforementioned enzymes. Southern blots of partial digests were probed with a restriction fragment from the vector that hybridized to only one end of the linearized cosmid. The resultant ladder of partial digest fragments revealed the distribution of restriction sites within the cosmid. Data from double digests and from Southern blotting experiments in which fragments made with one enzyme were used to probe digests made with other enzymes were also used to construct the restriction map. Linkage Analysis. The families used to determine linkage relationships between marker loci are large, three-generation nuclear families as previously described (16) . In most cases, determination of grandparental genotypes revealed the allele distribution (linkage phase) in the parents, allowing recombinant and nonrecombinant children to be identified by examination of their genotypes. In those cases in which parental linkage phases could not be determined, recombination frequencies were calculated on the basis of each of the two possible linkage phases. Data from both phase-known and phase-unknown cases were used to calculate lod scores (17) for linkage at a recombination fraction of zero.
RESULTS
We have screened 43 cosmids for their ability to reveal multiple Taq I and/or Msp I polymorphisms. When entire prehybridized cosmids were used as probes, 36 of these 43 probes gave autoradiographs of acceptable quality i.e., with numerous bands and minimal lane background. Twelve of these autoradiographs showed multiple Taq and/or Msp polymorphisms. Blots probed with three of these cosmids are shown in Fig. 1 Genetics: Litt and White
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Proc. Natl. Acad. Sci. USA 82 (1985) morphisms involving several fragments in the size range of 2.60-2.85 kb (Fig. 1) . Therefore, Taq fragments 2.80, 2.60, and 2.55 kb long were isolated from cosmid 1-5 and used as probes of colony filters containing Sau3A subclones of 1-5. Duplicate filters were screened for repeated sequences, using total human DNA as a probe (5) . Subclones of 1-5 that gave signals with one of the cosmid restriction fragment probes but that failed to give signals with the total human DNA probe were tested as probes against restriction digests of human genomic DNA samples from panels of unrelated individuals. Three subclones, 1-30, 1-32, and 2-96, revealed a total of seven polymorphic loci, as summarized in Table 1 . Blots illustrating four of these loci are shown in Fig. 2 . Evidence for the assignment of specific Taq fragments revealed by probe 1-32 to two distinct loci, called 8 and y, is presented in the legend to Table 1 .
Restriction Map. A restriction map of cosmid 1-5 is shown in Fig. 3 . Also shown are the map locations of the three fragments in subclones 1-30, 1-32, and 2-96 as well as the locations of polymorphisms. As predicted by the map, 1-30 and 1-32 hybridize to a common 13-kb Kpn I fragment in digests of genomic or cosmid DNA (Fig. 4) . Subclone 1-32 hybridizes to a 5.9-kb Kpn I fragment in digests of genomic DNA but hybridizes to a 4.9-kb Kpn I fragment in digests of the cosmid (Fig. 4B) . We suggest that, during construction or propagation of the cosmid library, approximately 1 kb was deleted from the region between the two leftmost Kpn sites of the cosmid. This interpretation is supported by the hybridization of 1-32 to a 4.5-kb Taq fragment in digests of cosmid DNA, about 1 kb smaller than Taq fragments that hybridize to this probe in genomic digests (Fig. 5) . Lane a in Fig. 5 shows that 1-32 hybridizes weakly to a 3.3-kb Taq fragment of the cosmid (map location 12-15.3 kb). The location of this secondary site ofhybridization was confirmed by probing Southern transfers of HindIII-and EcoRI-digested cosmid with 1-32 (data not shown). Evidence that the region of the cosmid containing 2-96 and 1-30 is colinear with the genome was obtained by probing a Southern transfer of HindIII-digested genomic and cosmid DNA with an 8-kb single-copy EcoRI cosmid fragment, revealing fragments of 5.1, 4.8, and 4.4 kb present in both digests (data not shown).
Linkage Analysis. To examine whether the loci revealed by probes isolated from cosmid 1-5 were closely linked, we performed a linkage study using two large Utah families, each with four living grandparents and seven children. Fourteen pairs of markers were tested. The lod scores for linkage at a recombination fraction of zero reached +3.6 for the six marker pairs: /3-K, 3E, ye, 4-e, X-E, and K-E. In no case did we find evidence for recombination between any of the marker loci.
DISCUSSION
We have described a set of RFLPs derived from a single cosmid insert that constitute a highly polymorphic marker in the human genome. Seven polymorphic loci are revealed by probes derived from this cosmid. Of 56 unrelated individuals examined, 52 (93%) were heterozygous at one or more of these loci, indicating that the compound locus will be a useful marker for human gene mapping. In studies that will be reported elsewhere, we have used a somatic cell hybrid panel to map probes 1-30, 1-32, and 2-96 to chromosome 2q. This result has been confirmed and extended by an in situ hybridization study with probe showing hybridization to region 2q 35-÷37 (unpublished work).
The approach described here appears to be generally useful for obtaining probes capable of revealing highly heterozygous polymorphic loci in the human genome. Although single-copy probes from cosmids usually must be tested individually for their ability to reveal polymorphisms, the use (1985) Data to be published elsewhere indicate that cosmids 1-11 and 1-13 ( Fig. 1 ) also yield probes that reveal compound polymorphic loci characterized by high extents of heterozygosity (unpublished work). Nine additional cosmids have revealed multiple polymorphisms when screened by using the prehybridization protocol but have not yet been complete-ly characterized. If the usefulness of these cosmids is not degraded by strong linkage disequilibrium or by cloning artefacts such as described above for cosmid 3-3B, our data suggest that approximately 25% of random human cosmids are convenient sources of probes for revealing highly polymorphic loci.
Although other approaches have been suggested for the discovery of probes that reveal highly polymorphic loci (18, 19) , these approaches do not address the problem of increasing the heterozygosity at a specific locus. Solution of this problem should be greatly facilitated by use of the prehybridization protocol to screen clones selected from cosmid libraries by single-copy probes.
